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At gastrulation, early chicken embryo consists of three germ layers, ectoderm, 
mesoderm and endoderm, spreading into a planer sheet. At neurula stage, anterior part 
of the embryo is lifted and makes a fold called the head fold. Along with the head fold 
formation, a sack-like structure, the foregut, is formed on the ventral side and eventually 
the embryo has a three-dimensional head structure. It has been unclear how the 
sheet-like embryo starts to fold. To understand the mechanisms involved in making the 
head fold, I investigated actin localization during formation of head fold, because actin 
contraction regulates change of shape in cells or tissues. In this study, I observed the 
changes of structure and actin accumulation during the head fold formation using 
chicken embryos. 
First, I found that embryo has two folding points. Posterior hinge is future anterior 
intestinal portal and anterior one will become the deepest part of the foregut. I name 
them the head fold hinge and the foregut hinge, respectively. Next, original position of 
each hinge point was investigated by labeling the midline of the anterior embryo with 
DiI. The cells at the anterior end of the prechordal plate (PP) were found to become the 
head fold hinge and at the center of PP contributed to the foregut hinge.  
From the chicken developmental stages determined by Hamburger and Hamilton 
(1951) embryos in stage 5 have flat structure and those in stage 6 have the head fold, 
respectively. To describe folding process fully, I defined the stages between stage 5 and 
6 depending on the structure around PP.  
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Based on this stage I analyzed the shape and thickness of embryo and localization 
of polymerized actin by staining with phalloidin. In stage 5 the embryos were almost 
flat and actin was weak. Then, strong actin spots appeared on the apical side of the 
endoderm at PP. Next, embryo around PP became thicker, and actin in the endoderm 
became much stronger. The cell sheet around PP curved to the dorsal side before folding. 
After folding, accumulation of strong actin was found on the endoderm at the foregut 
hinge. The result of strong actin localization in apical side of the endoderm before and 
after folding around future foregut hinge suggests a possibility that actin may be very 
important for folding of foregut hinge. At the head fold hinge, strongly actin appeared in 
the ectoderm after the head fold formation. Therefore, in the head fold formation, actin 






In early embryos of chicken three flat germ layers, ectoderm, mesoderm and 
endoderm, were generated from epiblast during gastrulation (Stern, 2004) at stage 4 
(Hamberger and Hamilton, 1951). The endoderm invaginates from epiblast via Hensen’s 
node to the most ventral layer of the embryo and spreads outward. The mesoderm also 
invaginates from epiblast and spread between newly synthesized endoderm and 
remaining ectoderm. Especially, future axial mesoderm invaginated via Hensen’s node 
move anteriorly to form head process (HP) at stage 5. In anterior tip of HP an inverted 
triangle-shaped mesendoderm (differentiate into both endoderm and mesoderm) called 
prechordal plate (PP) were formed (Bellairs, 1953a; Psychoyos and Stern, 1996). 
Even though massive cell movement occurred at stage 5, the embryo still has a 
sheet-like planar structure. Then after incubating further 4 hours, at stage 6 the embryo 
becomes a little elongated and the anterior region of the embryo swollen toward the 
dorsal side, forming a fold called the head fold. Along with this, a sack-like structure 
called the foregut is formed on the ventral side and finally embryo has a proper head 
structure. In the results of following posterior and lateral folding, the embryo has three 
dimensional, elongated body with distinguished from the extraembryonic tissue 
(Darnell et al., 1999). Therefore, formation of the head fold is the first step to gain 
proper three-dimensional body in amniotes which are originally planar structure. In this 
study, I analyzed the dynamic change of embryonic body during formation of the head 
fold and the foregut. 
6 
 
First, I investigated which part of the embryo at stage 5 chicken embryo will fold 
during the head fold formation. The anterior endoderm cells of the embryo before 
folding were stained with DiI and incubated until stage 6 to analyze their future position 
in the embryo. Cells at PP area in stage 5 are known to contribute widely to the foregut 
(Kirby et al, 2003). In this study, PP endodermal cells along the midline were labeled 
with DiI and revealed that the anterior tip of PP will give rise to anterior intestinal portal 
and posterior end of PP will become dorsal foregut.  
Actin is one of the major cytoskeletal proteins in the cells. Generally, actin 
filaments in the cells forms dynamic cytoskeleton to play crucial role for cell polarity 
and drive cell motility and cell division (Akhshi et al., 2014). Actin filaments 
associating with myosin, actomyosin, produces the force to shrink bundle of fibers, and 
sometime changes shape of cells (Odell et al, 1981). During neural tube formation the 
neural plate, which is a flat ectodermal tissue in the beginning, were deformed and bent 
to V-shape structure, a neural groove, before it forms a neural tube (Nagele et al., 1987; 
Schoenwolf, 1988; Schoenwolf et al., 1989). At this time, actomyosin accumulates in 
the surface layer of cells at the midline of the neural plate and contracts to transform the 
cell into a wedge shape. Such a change in the morphology of the cell is a critical step to 
form a neural groove (Colas and Schoenwolf, 2001).  
In this study, to know mechanism of the head fold formation, I analyzed the local 
accumulation of actin in the PP by staining with phalloidin as well as change of the 
shape in the cell sheet near PP. In the foregut endoderm, strong localization of the actin 
at the apical side is observed before folding, actin accumulation in the head fold 
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ectoderm was found only after the folding. It is suggested that actin is involved in the 
foregut hinge formation but maintain head fold hinge.
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Materials and Methods  
 
Chicken embryos 
Fertilized eggs were incubated at 38°C for the appropriate time to obtain embryos 
of the required stage. In this study, incubation time was approximately 24 hours until 
embryo became stage 5 that has fully formed head process. The embryo was defined 
based on Hamburger and Hamilton, 1951. Embryos between stages 5 and 6 were 




Embryos were culture with the modified New method (Stern and Ireland 1981; 
Chapman et al, 2001). 
 
Cell labeling with DiI 
0.05% Carbocyanine dye DiI, (1,1-dioctadecyl-3,3,3',3'- tetramethyl 
indocarbocyanine perchlorate) (DiI-C18; Molecular Probes) in 30mM sucrose was used 
to label cells with microcapillary pipettes. 
 
Staining of actin filaments in whole embryo with phalloidin  
Embryos were fixed overnight with 4% paraformaldehyde in PBS. Fixed embryos 
were washed 3 times with PBS for 30 minutes each. The phalloidin with Alexa Fluor 
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546 dye or Alexa Fluor 488 dye (Panchuk-Voloshina et al., 1999) diluted 1/200 with 
PBS was exchanged with the solution and stained with overnight (Chazotte, 2010). 
Embryos were washed with PBS three times for 15 minutes each. The embryos were 
placed in the holes of one or two ring-shaped seals stuck on a slide glass. After PBS was 
completely wiped off, 3.75 g/ml fructose in PBS was placed on the embryo and covered 
with a cover glass. After closing the edge of the cover glass with manicure, it was 





1. The precordial plate was a central place for formation of the head fold and the 
foregut in the future. 
First, to clarify which part of the embryo participates in formation of the head fold, 
cells in the stage 5 embryo were labeled. At the stage 5, the prechordal plate (PP), the 
head process (HP), the Hensen’s node (HN) and primitive streak line up on the midline 
from anterior to posterior. Cells at slightly anterior to PP (point a), the anterior tip of PP 
(point b), the center of PP (point c), and the anterior tip of HP (point d) (also most 
posterior of PP) were labeled with DiI (Fig. 1A, A’ and C). Labeled embryos were 
incubated for approximately 2 hours until they developed to stage 6. Stage 6 embryo 
had the head fold/ the foregut at the anterior embryo (Fig. 1B, B’). In the embryo, there 
were two hinge-like structures in the head fold/ the foregut. One hinge was at the 
anterior intestinal portal and the ectoderm bent with steep angle (Fig. 1B’ and D Arrow 
head). Another hinge was at the deepest region of the foregut, and the endoderm was 
folded tightly (Fig. 1B’ and D Arrow). In this study, I named each as the head fold hinge 
and the foregut hinge.  
Endodermal cells at point a, slightly anterior to PP, contributed to anterior to the 
head fold hinge (Fig. 1D), outside of the head fold. Cells at point b indicated by the red 
arrowhead in Fig. A’ was found to be present in the anterior intestinal portal, the head 
fold hinge. In addition, it was found that cells at point c, the center of PP, contribute to 
the ventral foregut between the head fold hinge and the foregut hinge. Cells at point d, 
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the anterior tip of HP, contributed to dorsal foregut far posterior to the foregut hinge. 
From these results, it was suggested that the PP area contributes to the future head fold 
and foregut and I focused on observing the shape in PP for further analysis. 
 
 
2. New stages between 5 and 6 were defined based on the shape of PP. 
The stage to be observed is stage 5 (Fig. 2A) to stage 7 (Fig. 2F) before and after 
folding. In the developmental stage determined by Hamburger and Hamilton, stage 5 
embryo is characterized by flat shape with a head process (Fig. 2A), and stage 6 embryo 
has the head fold/ foregut (Fig. 2E) (Hamburger and Hamilton, 1951). For research 
following sequential changes from flat embryo to embryo with 3D head (the head fold), 
I needed finer stages dividing between stage 5 and 6. After observation of many 
embryos around the stages 5 and 6 in detail with special attention to the structure of PP 
and the following results were obtained. Three more stages between the stage 5 to 6 
were supplemented.  
Stage 5 : Embryo was flat. PP extended half of the primitive streak in length (Fig. 2A). 
Stage 5+ : Embryo was still flat. PP stretched almost same length as the primitive 
streak. Therefore, Hensen’s node was almost in the middle of the embryo (Fig. 2B).  
Stage 6-- : PP region of embryo was slightly raised (Fig. 2C).  
Stage 6- : This protuberance of PP became prominent and the curve is evident. Still no 
obvious fold was observed (Fig. 2D).  
Stage 6 : The embryo had the head fold. Two hinges were obvious (Fig. 2E). 
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3. Strong actin localization in the endoderm proceeded the structural changes. 
Actin filament is an important cytoskeleton, involved in the many cell processes, 
such as cell motility, polarity, cell division and cell shape. I hypothesized that cell shape 
change by contraction force with actin filament contribute to formation of the head 
process. Actin filaments are stained using phalloidin conjugated with Alexa Fluor 546 or 
488. Also the structure of PP in embryos was observed. 
In the stage 5 embryo PP was nearly flat and the thickness along with 
anterior-posterior axis is similar (Fig. 3A, B and B’). Weak actin staining was observed 
in the whole PP (Fig. 3B’ blue bracket). Especially actin in the PP ectoderm was weak.  
In the stage 5+ embryo, anterior to PP became slightly thinner (Fig. 3D’ yellow and 
blue brackets), while the thickness in the posterior from PP remained unchanged (Fig. 
3D and D’). In this stage salt-and-pepper strong actin staining were observed on the 
apical side of the endoderm in PP (Fig.3 D and D’). Strongest actin localization was 
found in the middle of PP (Fig.3 C and D’, arrowheads). It is interesting that shape of 






4. The middle of PP swollen toward the dorsal side and the actin in PP became 
particularly stronger. 
In stage 6-- embryo, PP was thickened (Fig. 4B and B’). Actin localization in the 
endoderm of the thickened PP became extremely strong (Fig. 4B’ blue bracket). In the 
ectoderm, actin staining was still weak at PP, but stronger at HP (Fig. 4B’ green bracket). 
The strong actin localization was found in entire PP in the endoderm (Fig. 4A blue 
triangle).  
In the stage 6- embryo, PP swelled toward the dorsal side (Fig. 4D and D’, 
arrowheads). Actin localization in the endoderm became stronger within PP (Fig. 4D’, 
blue bracket). Actin staining remained weak in the anterior region to PP (Fig. 4D’, 
yellow bracket). PP became like an open fan and actin was strong in whole PP (Fig. 4C 
blue fan shape). Within PP particularly strong actin localization was observed in the 
horseshoe-shaped anterior part of PP (Fig. 4C red horseshoe shape). These results 
suggested that actin localized strongly in the future folding. 
 
 
5. Actin is strongly localized at the both hinges after folding. 
In the stage 6 embryo, shallow folding was formed at the front end of PP (Fig. 5A, 
B and B’). Stronger actin localization was observed in the endoderm of the foregut 
hinge and its posterior region from the region corresponding to the anterior intestinal 
portal (Fig. 5A blue fan shape and B’ white arrowhead and blue bracket). Also in this 
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stage actin localization in the ectoderm at the head fold hinge appeared (Fig. 5B’ red 
arrowhead).  
In the stage 7 embryo, folding became sharper and cell sheet at this folding became 
thicker (Fig. 5C, D and D’). The extremely strong actin staining was found in the apical 
surface of endoderm at the foregut hinge (Fig. 5C and D’ white arrowheads). In the 
ectoderm of the head fold hinge actin localized strongly (Fig. 5D’ red arrowhead).  
 
 
6. Protrusions from endodermal cells appeared on the ventral surface of the 
future foregut. 
In the course of this study, I found very interesting structure in the developing 
foregut at stage 7 (Fig. 6B yellow box). There were bubble-like protrusions on the 
endoderm surface (Fig. 6A arrowheads). In surrounding endodermal cells, strong actin 
staining was found on the apical surface (Fig. 6A and C arrows) while whole surface of 
bubble-like protrusions showed strong actin localization (Fig. 6C arrowheads). Many 
protrusions were observed only in the folding endoderm at stages 6-, 6 and 7, in which 
actin was particularly strong. Taken together, it is possible that these protrusions were 
extruded from endoderm with rapid and strong contraction in apical surface of 
surrounding endodermal cells during folding of endodermal cell sheet at the foregut 





Vertebrates have three-dimensional body elongated along with AP axis. Just after 
the gastrulation, vertebrate embryo has flat, sheet-like body with three germ layers, 
ectoderm, mesoderm and endoderm. When the anterior embryo folded, head is raised. 
This is the first step to form three-dimensional body for embryo. In this study, change of 
actin localization was investigated before and after head fold formation to know the 
mechanism for the head fold formation. 
During the course of this study, I defined supplemental developmental stages 
between stages 5 to 6 described by Hamburger and Hamilton, 1951. Although each 
stage, 5+，6--，6-, was defined by significant morphological changes, time period 
between each stages are not same. It is approximately two hours between stage 5 to 5+ 
and time between stage 6-- and 6 is much shorter, within an hour. This suggests that 
after elongation of the head process and change of thickness of cell sheet around PP, 
folding of embryos occurred rapidly.  
From my results, I summarized change of the shape of embryos from stage 5 to 6, 
just before and after the formation of the head fold, respectively. Thickness of embryo at 
anterior to PP was same as posterior embryo in the stage 5 (Fig. 1B and B’) and then 
became thinner (Fig. 3D’ yellow bracket) than posterior embryo from stage 5+. This 
difference in thickness between anterior to PP and PP was maintained to the later stages 
(Fig. 4B, 4D, 5B and 5D). While no change of thickness in PP was observed in the early 
stages, stage 5 and 5+ (Fig. 3B’ and D’ blue brackets), PP became thicker in the stage 
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6-- (Fig. 4B’ blue bracket). In stage 6- embryo, PP were swollen on the dorsal side (Fig. 
4D and D’, red arrowheads) before sharply folded at the front end of PP in stage 6 
embryo (Fig. 5B and B’). 
After stage 5+ anterior end of PP is a border of thin anterior and thickened 
posterior embryo. This border is future the anterior intestinal portal/ the head fold hinge 
(Fig. 1C and D, b). It was suggested that this boundary of thickness in the embryo is 
very important for formation of the head fold. On the simple level, embryo after the 
stage 5+ is composed of thin anterior plate and thick posterior plate connected with their 
boundary. If embryos in stage 5-6 is under the converged pressure from posterior to this 
border and thin anterior plate is solid enough, a pressing force makes thick posterior 
plate fold at the boundary. Then, this boundary point will become the anterior intestinal 
portal/ the head fold hinge. There is no report or study mentioning the mechanism 
involved in thin anterior plate differentiation, it is interesting that this anterior region, 
proamnion, consists of ectoderm and endoderm without mesoderm (de Melo Bernardo, 
et al., 2014). This structural specificity may give the anterior plate character. 
In the thickened posterior plate, especially the ectoderm became thicker after stage 
6-. Even after folding, the vicinity of the foregut hinge became thicker. It is known that 
the HP and PP, which secrets anti-BMP proteins, affect surrounding ectoderm to 
differentiate into neural plate (Wilson et al, 2000). Cells in the neural plate were high 
columnar structures compared to the adjacent ectodermal cells (Schoenwolf, 1985; 
Nagele et al., 1987). PP is known to be required for the forebrain induction (Pera and 
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Kessel, 1997). From my study, PP may be essential to fold embryo via change of 
thickness in the limited region of the ectoderm as well. 
Next, I discussed about how the convergent force generated during the head fold 
formation. In the anterior neural plate, proliferation of the neuroepithelial cells ware 
very high to provide future forebrain (Smith and Schoenwolf, 1987). Also in the PP 
endoderm, which is presumptive foregut endoderm shows a high mitotic rate in a report 
by Bellairs, 1955. Therefore, it seems that cell division can generate the pressure to 
from posterior to the boundary between anterior and posterior plate. However, I think 
cell division alone cannot explain rapid folding from stage 5+ to 6, just in two hours. 
Cell division in the ectoderm and endoderm should be analyzed in the each subdivided 
stage as I defined in this study for further discussion. 
Another candidate to generate force in the cell plate is apical contraction by actin. 
It was shown that actin in endoderm especially at PP localized to the apical side earlier 
than structural change in stage 5+ (Fig. 3C-D’). This accumulation of apical actin in PP 
endoderm was getting stronger as swelling and fold in PP (Fig. 4). Finally, strongest 
apical actin in the foregut hinge at the time of folding from stage 6-- to 6 (Fig. 4C red 
fan shape and 5B’ white arrowhead) were detected. It is known that strong localization 
of actin is involved in apical contraction in the rapid morphological change of neural 
tube cells (Nagele and Lee, 1987; Nagele et al, 1991). Therefore, it is possible that 
apical actin contraction in the endoderm induces convergence force in the posterior 




At the apical surface of the endoderm in the foregut hinge after the head fold 
formed bubble-like protrusions were found (Fig. 6A). Interestingly, these protrusions 
were detected only region where extremely strong actin localization was observed. It is 
possible that they were generated from endodermal cells that squeezed out from 
endodermal sheet because rapid and strong contraction during folding. As similar 
spherical membrane protrusions, the blebs produced by the contractions of the 
actomyosin cortex are known (Charras et al., 2008). Reduce in cell number by making 
bleb during folding in endoderm help to reduce surface area in PP endoderm. This may 
induce swelling and bending to the dorsal side. It is still unknown how many 
protrusions appear and whether they will be retained to the endodermal sheet or proceed 
to apoptosis during the head fold formation.  
No strong localization of actin in ectoderm was detected before or during the head 
fold formation (Fig. 3 and 4). It appeared in the ectoderm of the head fold hinge 
immediately after the head fold was formed (Fig. 5B’ and D’ red arrowhead). From this 
result, it was suggested that actin in the ectoderm didn’t have a main role for forming 
the head fold and the head fold hinge. On the other hand, actin in ectoderm might be 
involved in maintenance of the hinge shape after the embryo was folded. In the stage 7 
embryo, remarkably strong actin in the apical surface of the foregut hinge endoderm 
was also found (Fig. 5C and D’ white arrowheads). Taken together, to maintain head 
fold structure, apical actin contraction is important in both hinges, foregut hinge and 
head fold hinge. 
19 
 
In this study I observed change of structure and actin localization in the embryonic 
plate during formation of head fold in detail. I can suggest that endodermal actin in PP 
is involved in the foregut hinge formation and maintenance, whereas ectodermal actin 
function only in the maintenance of one of the hinge. With future functional analysis of 
actin, for example local inhibition of actin polymerization, this study provides vital 
information the mechanisms of the head fold formation. 
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Figure 1. The precordial plate region bended and formed the head fold and the foregut 
in the future. 
(A) Cells in stage 5 embryo ware labeled with DiI (magenta). (A’) High magnification 
of (A). Arrowhead shows the anterior tip of prechordal plate (PP) (C, point b). (B) Stage 
6 embryo had the head fold and the foregut at the anterior embryo. (B’) High 
magnification of (B). Arrowhead indicates a hinge at the anterior intestinal portal. 
Arrow indicates another hinge at the deepest region of the foregut. (C) A schematic 
figure for (A’). Point a (slightly anterior to the PP), b (the anterior tip of PP), c (the 
center of PP) and d (the anterior tip of HP (head process)) show cells labeled with DiI. 
(D) Schematic figure of midline cross section in stage 6 embryo. There were two 
hinge-like structures as the head fold hinge (arrowhead) and the foregut hinge (arrow). 






Figure 2. Additional stages between 5 and 6 were defined based on the shape of PP. 
Bright field microscope image of chicken embryos observed from the ventral side. The 
black box show the observation area by the confocal microscope (see figure 3-6). (A) 
Stage 5 : Embryo was flat. PP extended half of the primitive streak in length. (B) Stage 
5+ : PP stretched almost same length as the primitive streak. (C) Stage 6-- : PP region 
was slightly raised dorsally. (D) Stage 6- : Protuberance of PP became prominent and 
the curve was evident. (E) Stage 6 : The embryo had the head fold. Two hinges were 






Figure 3. Strong actin localization in the endoderm proceeded the structural changes. 
(A and C) One of the actin-localized (white) confocal microscopy image stacks in stage 
5 (n=5) and 5+ (n=2) embryos (see figure 2A and B black box). (B, B', D and D') The 
cross section of the midline (A and C yellow line) was reconstructed using all of the 
Z-axis stack images. The PP region is indicated by blue bracket (B’ and D’) and triangle 
(C). (A-B’) Weak actin staining was observed in the whole PP. (C-D’) Actin in 
endoderm localized to the apical side (white arrowheads). Anterior to PP (yellow 
bracket) became slightly thinner than in PP. D, dorsal; V, ventral. Scale bars: A and C 






Figure 4. The middle of PP swollen toward the dorsal side and the actin in PP became 
particularly stronger. 
(A and C) One of the actin-localized image stacks of stage 6-- (n=4) and 6- (n=4) 
embryos (see figure 2C and D black box). (B, B', D and D') The cross section of the 
midline (A and C yellow line) was reconstructed using all of the Z-axis stack images. 
The PP region is indicated by blue bracket (B’ and D’), triangle (A) and fan shape (C). 
(A-B’) PP was thickened. Actin localization in the endoderm became extremely strong. 
In the ectoderm, actin localization was also strong at HP (B' green bracket). (C-D’) PP 
swelled toward the dorsal side (arrowheads). Within PP particularly strong actin 
localization was observed in the horseshoe-shaped anterior part of PP (C red horseshoe 
shape). In the anterior region to PP, actin staining remained weak (D' yellow bracket). D, 






Figure 5. Actin is strongly localized at the both hinges after folding. 
(A and C) One of the actin-localized image stacks of stage 6 (n=3) and 7 (n=2) embryos 
(see figure 2E and F black box). (B, B', D and D') The cross section of the midline (A 
and C yellow line) was reconstructed using all of the Z-axis stack images. The PP 
region is indicated by blue bracket (B’) and fan shape (A). (B’, C and D’) Stronger actin 
localization was observed in the endoderm of the foregut hinge (white arrowhead). (B’ 
and D’) In the ectoderm of the head fold hinge, actin localization appeared and became 
strongly (red arrowhead). D, dorsal; V, ventral.  Scale bars: A and C =100 µm, B, B’ D 






Figure 6. Protrusions from endodermal cells appeared on the ventral surface of the 
future foregut. 
(A) There were bubble-like protrusions on the endoderm surface (arrowheads). (B) The 
foregut observation region (yellow box) of the stage 7 (C) Whole surface of bubble-like 
protrusions showed strong actin localization (arrowheads). (A and C) There is strong 
actin localization in the apical surface of surrounding endodermal cells (arrows). (D) 
Schematic figure of bubble-like protrusions extruded from endoderm. D, dorsal; V, 
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